JOURNAL OF INVERTEBRATE PATHOLOGY 24, 141-148 (1974)

Observations on the Phagocytosis and Elimination of
Carmine Particles Injected into the Abdominal
Musculature of the White Shrimp, Penaeus setiferus’

C. T. FoxTaiNE anDp D). V. LIGHTNER

Natwonol Marine Fisheries Service Gulf Coastal Fisheries Center,

"y

Galveston Laboratory, Galveston, Texns 775650

Recerved November 16, 1978

White shrimp, Peraeus setiferus, were injected in the abdominal musculature with
0.03 ml of a 1.4% carmine-saline solution and woere kept at a temperature of 26°-28°C
and a salinity of 23-269,. Tissue samples were taken at hourly intervals of 1, 6, 12,
18, 24, 30, 36, 42, and 72 hr and at 4, 6, 8, 10, 12, 16, 19, and 33 days post-injection
and were examined histologically o determine the sites of phagoeyvtosis and elimination
of foreign particulate matter. Within 1 hr post-injection, extracellular clumps of the
carmine particles were formed in the hemolymph. These clumps had been invaded by
hemocytes at 18 hr, but they persisted throughout the study. Phagoeytosis of the particles
was accomplished by hemocytes circulating in the hemolymph and by fixed phagocytes
in the gill, heart, loose connective lissue, and blood sinusoids in the abdomen. The
fate of some phagoeytized earmine was climination by the migration of hemocytes through
the epithehhum of the gills, guf, hepatopancreas, and through the cxtremities of the
perelopods and the pleopods. Encapsulations or brown nodules were formed in the museula-
turc of the pereiopods around necrotic hemocytes that had phagoevtized carmine. A
large blisler or eyst filled with carmine was formed in the gill cover of one specimen.
The observation of carmine particles at 33 days post-injection indizates u slow clearance
ratc of large amounts of abiotic particulate matter in penaeid shrimp.

marker, and ease of visual recognition. The
value of a particular stain as a marker de-
pends primarily upon the rate of ecellular
uptake and elimination of the particles of
stain from the shrimp. These stains and
dyes provide an ideal model for the study
of the ccllular defense mechanism in
pcenaeld shrimp.

In 1nvertcbrates in general, the compo-
nents of this defense mechanism when re-
acting to a foreign particulate material
are: coagulation, accumulation, phagocyto-
s18, and subsequent elimination (Cheng et
al.,, 1968). As ecarly as 1905, Cuénot de-
scribed the cellular phagoeytic activity of
a number of decapod crustaceans that in-

INTRODUCTION

Investigations into methods of marking
commercially important penaeid shrimp for
population dynamics studies have, histori-
cally, ineluded either injecting, feeding, or
immersing the shrimp into various biologi-
cal stains, dyes, and ink (Neal, 1969). The
objective of these mvestigations was to find
a satisiactory technigue for mark-recapture
cxperiments to determine such parameters
as growth, mortality, and migrations of
shrimp populations. The suecess or failure
of a stain being injected as a marker was
cauged by the percentage mortality attri-
butable to the technique, duration of the

"Contribution No. 373, National Marine Fish-
eries Service Gulf Coastal Fisheries Center, Gal-
veston Lahoratory, Galveston, Texas 77550.

cluded several species of prawn and the
lobster Homarus vulgaris. More recently,
the volumes of documented reports of this
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response in Insects was reviewed (Salt,
1970) while this response in invertebrates
other than insccts was reviewed by Sparks
(1972). Further, additional information on
the phagocvtosis of foreign material in the
cockroach (Ryan and Nicholas, 1972) and
the oyster (Foley and Cheng, 1972) have
been recorded. This paper presents observa-
tions on the cellular response of the marine
decapod crustacean, Penaeus seliferus
(white shrimp), to the injection of carmine
particles into the abdominal musculature.
The gross morphological nomenclature used
here is based on that published for the
white shrimp (Young, 1959), while the his-
tological terminology is taken from that of
Dennell (1960) and Salt (1970).

MATERIALS AND METHODS

The shrimps used in this study were ac-
climated to and maintammed at a tempera-
ture of 26°C-28°C and a salinity of
23-269;,. During the 48-hr period of accl-
mation all shrimp that appeared to be 1n-
jurcd or unhealthy were removed. Test ani-
mals were injected using tuberculln sy-
ringes with 27-gauge needles between the
fifth and sixth abdominal somites with 0.03
ml of a suspension containing 1 g of car-
mine in 69 ml (1.4% solution) of sterile
seawater solution. In their work on the
sponge, Cheng et al. (1968) injected 0.2 ml
of a 1:10 seawater suspension of carmine.
This same volume and concentration pro-
duced 100% mortalities within 30 min when
injected into test shrimp ranging in total
length (tip of rostrum to tip of telson) from
110 to 140 mm. Tolerance tests indicated
that 0.03 ml of a 1.4% carmine-saline sus-
pension was the maximum that could be in-
jected into shrimp ranging in total length
from 90 to 150 mm with Iittle or no
mortality.

Samples for histological examination
were taken at hourly mmtervals of 1, 6, 12,
18, 24, 30, 36, 42 and 72 hr; and at 4, 6,
8, 10, 12, 16, 19, and 33 days post-injection.
A section of tissue from the site of injection
as well as the entire cephalothorax was
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taken from each sample and fixed 1n
10% buffered formalin. The fixative was
changed after 24 hr. Tissue specirens were
then decaleified for 8 days uging a modifica-
tion of the formic aecid method of Lvans
and Krajian {Krajian, 1940), and after de-
calcification, tissucs were washed in tap
water for 4-6 hr. The tissue specimens were
then routinely processed and stained with
Harris’ hematoxylin., Fosin was not used as
a counterstain to avoid masking the car-
mine particles.

REesuLTs

(yross Appearance

Immediately after injection, the carmine
particles were dispersed throughout the
body of the shrimp, imparting to the
shrimp a bright red coloration, but within
1 hr the particles were being accumulated
in the dorsal abdominal artery, ventral
abdominal vein, heart, and gills. Carmine
was visible externally only 1n the gills,
heart, and at the site of injection by 30 hr.
One test animal still had carmine particles
visible at the site of injection and in the
gill filaments at 33 days post-injection.

Histologreal Observations

Carmine particles at the site of injection
appeared to be clumped together forming
tightly packed extracellular masses at 1 hr
post-injection (Fig. 1a). At 18 hr, however,
the clumps were infiltrated with numerous
hemoeytes that contained carmine, some
forming partial occlusions of blood vessels
(Fig. 1b). Carmine particles were observed
during the first 30 hr post-injection either
free or within phagocytes in all shrimp tis-
sue with the exeeption of the ovarian, optic,
and nerve tissues. Sites of aeccumulation
thereafter appeared to be within the gill
filaments and in the heart (Fig. 1c), where
free particles and hemocytic agpgregations
were observed In the blood sinuses.

Hemocvtes were first observed 1n great
numbers in the area of injeetion at 30 hr
post-injection (Fig. 1d) and were actively
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1G. 1. (a) Clots of carmine formed in the area of injection (arrows): 1 hr, %}108. (b)

Hemocytic aggregation in dorsal abdominal artery forming partial occlusion (arrow); 18 hr,
x189. (¢) Hemocytic aggregation in the heart; 6 hr, x171. (d) Infiltration of hemocytes
into area of injection; 30 hr, xX6$0. (¢) Hemocyte with phagocytized carmine; 30 hr, % 1740.
(f) Hemocytic “Clump,” in area of injection containing two nuclel (n = nuclei, ¢ = carmine,

h = free hemocyte) ; 72 hr, X 1305.

phagocytizing the carmine particles (Fig. phagocytized carmine. Large wandering
le). Peculiar clumps of hemocytes were hematogenous cells had also appeared in

bemg formed 1n the area of injection at 72 the arca of injection at 42 hr and were en-
hr (Fig. 1f). These hemocytic clumps usu- gaged in phagocytizing the carmine parti-
ally contained 2 to 3 nuclei and possessed cles (Fig. 2a).
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Fic. 2. (a) A phagocyte containing carmine (arrow) in the musculature at the site of
injection; 30 hr, x2052. (b) Brown nodules of encapsulation (arrows) in perciopod; 96 hr,
xX144. (¢) Cyst containing a large number of hemocytes with carmine in the gill cover
e = external cuticle, h = hemocytes, m = melanized internal wall); 42 hr, x90. (d) Fixed
phagocyte 1n gill filament (c = phagocytized carmine); 30 hr, x1305. (e) Fixed phagocyte
in blood sinus of heart (¢ = phagoeytized carmine); 30 hr, %X 1305. (f) Fixed phagocyte in
abdominal blood sinusoid (f = fixed phagocyte, ¢ = carmine, H = free hemocyte, ch = car-
mine phagocytized by hemocyte); 30 hr, x1305.

rown nodules had appeared at 4 days that contained phagocytized carmine. No
post-injection in the connective tissue of free particles were observed within the
the pereiopods (Fig. 2b). The encapsulated nodules. Also, a large encapsulation or
material appeared to be necrotic hemocytes ‘“cyst” was observed in the gill cover of one
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test shrimp at 42 hr (Fig. 2¢). The eyst ap-
pearcd as a pocket of necrotic hemoeytes
and carmine particles in the connective tis-
sue layer on the gill side of the gill cover
and protruded inco the gill eavity. The
outer cpidermis and eutiele appeared
normadl.

The blood vessels, Chambers’ sinuses,
and sinusoids that were examined appeared
to be lined with a network of cells that had
begun to phagocytize carmine at 6 hr post-
Ijcetion, Phagosomes contalning carmine
in these cells persisted throughout the
study. These phagocytic cells were observed
1n the linings of the blood sinusoids of gill
filaments (Fig. 2d), in the heart (Fig. 2e¢),
and in the abdomen (Ifig. 2f).

The loose connective tissue just basal to
the epidermis in the posteriodorsal arca of
the cephalothorax also contained many
large round or oval fixed phagoevtic cells
(F1g. 3a}. The cells had a small, acentrie
nucleus and extensive lightly basophilie
cytoplasm. The evtoplasm contained num-
crous phageosomes at 18 hr, and approxi-
matcely 20% of these cells had small
amounts of carmince included throughout
the study.

The gills contained carmine at 1 hr,
cither free in the hemolymph as elumps or
included in phagoevtes that lined the
lumen. At 6 days, the extraccllular particles
and individual hemoeytes had been re-
placed by hemocytic aggregations oceurring
most frequently 1n the distal terminus of
the ¢1ll filaments.

Free carminc particles and hemocytes
that had phagocytized carmine occurred in
the hepatopanereas at 18 hr (Fig. 3b);
however, no carmine was observed in the
lumen of any of the acini. Hemoceytes that
had phagoeytized carmine were also ob-
served migrating through the mideut wall
at 24 hr post-injection (Fig. 3¢). Although
hemocytes appeared to be migratine
through the epithelium of the gut wall, none
were observed there beyond 4 days, nor
were any free particles of carmine observed
in the gut lumen.

r'

At 72 hr, and, continuing throughout the
study, the antennal gland was observed to
contain numerous phagocytic hemocytes
with carmince particles ineluded (Fig. 3d).
The antennal gland 1s conneceted to an ex-
ternal pore by a short duet (Young, 1959)
that was not scen in the tissue scctions ex-
amined; however, hemocytes with carmine
included may have been eliminated via this
duct. |

The terminal ampoule, a glandular struc-
ture that produces the spermatophore
(Young, 1959}, is situated above the male
gonopore on the sternum. The ampoule was
interspersed with numerous hemocytes with
phagoeytized carmine at 18 hr (Fig. 3e).
Although the process was not seen, 1t ap-
pears that the terminal ampoule of the male
and the gonopore on the sternum arc points
of elimination for hemoeytes. There were no
carmine or hemocytes with phagocytozed
armine obscrved in the ovarian tissue
examined.

The musele and connective tissue assocl-
ated with the maxillae, pereiopods, and
pnleopods was congested with phagoeytic
hemoeytes at 12 hr post-injection. Hemo-
cytes contalning carmine were observed
adhering to or in close proximity to the
setac of the pleopods (Fig. 3f) at 72 hr
while many phagoeytie hemocytes were
situated between epithelial cells of the epi-
dermis 1n these areas. Although the migra-
tion of hemoceytes through the body wall
was not observed, their probable route of
ex1t was via the cuticular pores from which
the setae originate.

DiscUussioN

The process of phagocytosis and elimina-
tion 1n the penaeld shrimp clogely resembles

that described for 1insects (Rvan and
Nicholag, 1972: Salt, 1970; Werner and

Jones, 1969). According to Salt (1970),
phagocytosis, nodule formation, encapsula-
tion, and melanization are all part of a gen-
eral hemocytic response in insects, the pro-
cess oceurring being related to particle size.
Although the cells of the hemolymph of
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Fia. 3. (a) Fixed phagocyte in subcuticular loose connective tissue of cephalothorax (¢ =
carmine) ; 30 hr, X3300. (b) Hemocytes with phagocytized carmine in hepatopancreas
(arrows) ; 18 hr, X702. (¢) Hemocytes migrating through midgut wall. The separation between
the epithelium and the wall is an artifact (h = hemocytes, p = nematode parasite 1n lumen
of gut); 24 hr, X873. (d) Antennal gland with scattered clumps of hemocytes that contain
carmine (arrows); 72 hr, x189. (e) Terminal ampoule with “clumps” of hemocytes containing
carmine (arrows); 12 hr, xX144. (f) Hemocytes with phagocytized carmine adhering to or in
close proximity to an external setae. Arrow points to be ciliated protozoan; 72 hr, X693.

shrimp have not been morphologically
typed, we do know something of their func-
tion. The cellular encapsulation of foreign
or necrotic material and the eventual for-

mation of “brown bodies” or nodules have
been documented for decapod crustacea by

Sindermann (1971) and Bang (1970). The
development of brown nodules by hemo-
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cytes was deseribed in penaeid shrimp
(Fontaine and Lightner, 1973}, and their
formation was attributed to bacteria intro-
duced into a wound. A question that arises
and will eventually be resolved 1s: Are the
hemoecytes that phagoceytize and those that
encapsulate and beeome melanized morpho-
logically distinct, or, does the same cell
type perform both functions depending on
particle size?

Histological analogies made between the
vertebrate and the invertchrate, despite
similarities in structure or function, must
be used cautiously to avoid confusing or
misleading information. The large hema-
togenous cells observed migrating 1nto the
injectlion site and phagoeytizing carmine
and the large “clumps” or multinucleated
cells formed by phagocytic hemoeytes in
shrimp 1n this study are perhaps analogies
of wandering macrophages and foreign
body glant cells of vertebrates (Bloom and
Faweett, 1970). Furthermore, the phagocy-
tie cells hining the heart, gill, and abdomi-
nal blood sinusoids of shrimp appear to be
fixed and may be similar to reticuloendo-
thelium described 1n insects by Wiggles-
worth (1970). Salt (1970}, however, con-
cluded that the phagocytic cells observed
in the pericardium of Insccts arc always
hemoceytes and that these cells may be seen
in other tissues. Cells which had phagoecy-
tized carmine were also observed adherent
to heart tissue 1n the cockroach (Ryan and
Nicholas, 1972), but the authors surmisod
that they may have been hemoeytes. Stau-
ber (1950} observed ink-laden phagocytes
in the lining of the pericardial wall and the
outer aspect of the heart of the oyster, but
concluded they were migrating blood cells.

In oysters 1njected with India ink, the
chief sites of elimination were the stomach,
intestine, rectum, and digestive diverticula
(Stauber, 1850), findings which agrce with
our obscervations on shrimp. There were no
migrating ink-laden phagocytes seen mn the
epithelia o1 the cxternal (shell secreting)
face of the mantle, the gonoducts, excretory
tubules, and very rarcly were they seen in

the epithelium of the gills which 1s 1n direct
contrast to our observations on shrimp 1n-
jected with carmine.

The process of phagoeytosis and climina-
tion of forelign material into the sponge
(Cheng et al, 1968) 1s similar to that of
shrimp in that fixed and free phagocytes
in the sponge engulf the particles and mi-
grate to the external surface and in that
extracellular eclots of the particles arc
formed in the sponge mesoglea.

It is of interest to note that the cyst or
“blister,” which was experimentally n-
duced in the gill cover of a shrimp n this
study, has been observed to occur 1n pen-
aeid shrimp from natural environments. A
pink shrimp, Penaeus duorarum, which was
colleeted from a shallow bay in Florida and
sent to the authors, had numcrous large
white blisters on both gill covers. Close ex-
amination showed the blisters to be con-
gested with spores of the microsporidian,
Thelohania sp. Relatively few of the spores
were seen in the ovarian tissue which this
parasite normally invades. Many of the
shrimp taken from Galveston Bay, Texas,
by commercial bait dealers have also been
observed to contaln numerous black cysts
or blisters on the gill covers (Baxter pers.
commun.). The experimentally induced
cyst and those occurring naturally indicate
the loose connective tissue of the gill cover
of shrimp may be used as a reservoir for
nhecrotic or foreign material phagoevtized
bv the hemocytes prior to elimination.

Phagoevtosis and elimination of particu-
late matter 1 white shrimp 1s simmlar to
that deseribed fer a number of 1nverte-
brates but is most closely related to that
observed In inscets. The first observed
event of the internal defense mcchanism of
the white shrimp in responsc to the injected
carmine particles was possibly duc to a
humoral factor of the hemolymph which
caused the particles to adhere together
forming extracellular clumps. Next, the
clumps were infiltrated and the particles
phagoeytized by hcemoceyvtes and wandering
hematogenous cells. Many of these cells
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then returned to the seneral circulation and
migrated to the external surface through
the epithclia of the gills, gut and hepato-
pancreas. Hemocytes contaming ecarmine
may also have been climinated via the
antennule gland and the terminal ampoule
of the male. Congestion of the muscle and
loose connective tissue of the maxillae,
pereiopods, and pleopods with hemocytes
that cventually migrate to the external sur-
tace, apparently through the cuticular
pores at the basis of the setae, 1s also pro-
posed as an important route of elimination
The secondary phagocytosis by fixed pha-
gocytes 1n the loose eonncetive tissue and
by phagoeytic cells hining the hemolymph
sinuses of the heart, gill, and abdomen is
a probable explanation for the apparent
slow clearance rate of the carmine particles
from white shrimp.
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